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Arabidopsisa b s t r a c t
In plants, the silencing efﬁcacy of microRNAs (miRNAs) is thought to be predominantly determined
by the degree of complementarity to their target genes. Here, silencing efﬁcacy was determined for
Arabidopsis miR159 and four artiﬁcial miRNAs (amiRNAs) that all target MYB33/MYB65 with analo-
gous complementarities. As determined through complementation of a loss-of-function mir159
mutant, the amiRNAs displayed highly variable efﬁcacies, none of which was as strong as endoge-
nous miR159. This was despite amiRNA expression levels being many fold-higher than miR159 in
wild-type. The results highlight the variable nature of miRNA silencing efﬁcacy in plants, where it
appears that factors additional to complementarity strongly impact silencing.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
MicroRNAs (miRNAs) are endogenous small RNA molecules of
20–24 nucleotides (nt) in length that are incorporated into miRNA
induced silencing complexes (miRISCs). They guide the miRISC to
transcripts that share sufﬁcient sequence complementary, which
are silenced via transcript cleavage and/or translational repression
[1]. In plants, generally a high level of sequence complementarity
is required for silencing, rendering plant miRNAs highly speciﬁc
[2], where seemingly subtle differences in complementarity can re-
sult in markedly different speciﬁcities [3]. Consequently, the devel-
opment of artiﬁcial miRNAs (amiRNAs) represents a promising tool
for targeted gene silencing in plants, being potentially superior in
speciﬁcity and persistence to other small RNA (sRNA) based ap-
proaches [4,5].
Although there have been many reports of amiRNAs achieving
potent and speciﬁc gene silencing in plants, others have found
amiRNAs to perform inconsistently [6], including a recent compre-
hensive study that evaluated 63 amiRNAs targeting 16 different
genes [7]. These observations suggest that silencing efﬁcacy is
not simply a product of miRNA:target complementarity, but addi-
tional factors contribute to amiRNA efﬁcacy. However, if efﬁcacy
deﬁnes the effectiveness with which a given miRNA/amiRNA mol-
ecule silences expression of its target transcripts, then this can onlybe correctly evaluated if measurements of silencing outcome are
accompanied by measurements of miRNA/amiRNA abundance.
However, different AMIRNA constructs, even from the same precur-
sor backbone, can result in dramatically different levels of mature
amiRNAs [8]. For this reason the extent to which variable amiRNA
levels associated with differing processing efﬁciencies or stabilities
contributed to their inconsistent efﬁcacies is regarded as an un-
known factor [7]. Other factors such as target site accessibility
are key to the realised silencing outcome in animals [9]; however
the importance of similar phenomena is yet to be established in
plants.
In the present study, we examine the variability of efﬁcacy for
amiRNAs of analogous target complementarities, and compare
their performance to an endogenous counterpart, miR159. The
deeply conserved miR159 family regulates the expression of two
functionally redundant transcription factor genes, MYB33 and
MYB65, each possessing an identical target site of near-perfect
complementarity to miR159. In Arabidopsis, miR159 is predomi-
nantly encoded by just two genes, MIR159a and MIR159b, and a
mir159ab loss-of-function double mutant displays strong develop-
mental defects [10]. All mir159ab defects can be suppressed in a
mir159ab/myb33/myb65 quadruple mutant, demonstrating that
the deregulated expression of MYB33/65 alone underpins the
mir159ab phenotype [10]. Here, we have utilised this system by
generating four different amiRNAs targetingMYB33/65, all of which
share comparable complementarity to the endogenous miR159:-
MYB33/65 relationship. Despite this, we show these amiRNAs
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their expression, and moreover none has an efﬁcacy that ap-
proaches that of endogenous miR159. This suggests that there
are factors in addition to complementarity that are controlling
plant miRNA efﬁcacy, and we speculate that these factors have
been optimised in regards to the endogenous and ancient miR159:-
MYB33/65 relationship.
2. Results
2.1. Generation of amiRNAs targeting MYB33 and MYB65
Using a MIR159a backbone, including the endogenous MIR159a
promoter region [10], we designed and generated four amiRNAs
that target distinct sequences at different positions throughout
the MYB33/65 transcripts (Fig. 1A and Fig. S1). Regions conserved
betweenMYB33 andMYB65were targeted so that both genes could
be silenced simultaneously, theoretically resulting in rescue of the
mir159ab phenotype [10]. Each amiRNA was designed to share a
complementarity with its target site that is essentially equivalent
to the endogenous miR159a:MYB33/65 relationship (one mismatch
at position 7, and one mismatch at position 18, 19 or 20), where
the bioinformatic score of complementarity [Expectation (E)];
[11] used by the bioinformatic target prediction program psRNA-
Target [12], was either equal to, or better than, the endogenous
miR159a:MYB33/65 relationships (Fig. 1B). Additionally, each ami-
RNA had a 50 terminal U to facilitate ARGONAUTE1 (AGO1) loading
[13] and weaker pairing between the strands at this end of the du-
plex to ensure the amiRNA, rather than the amiRNA⁄ strand, is
preferentially incorporated into the miRISC [14]. The amiRNA⁄
was designed such that all AMIRNA precursors are predicted to
adopt a secondary structure indistinguishable from that of
MIR159a (Fig. S2). All four AMIRNA constructs (AMIR1–4), as wellSequence E 
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Fig. 1. Design, targeting and complementarity of amiR1–4. (A) General positions of
the binding sites within the mature MYB33/65 transcripts that the amiRNAs were
designed to target. (B) Complementarity and expectation (E); [11] of miR159/
amiRNAs with MYB33 and MYB65. Red nucleotides indicate mismatches or G:U
pairs, and blue nucleotides are the 50 terminal nucleotides that determine AGO
loading.as the endogenous MIR159a gene, were separately transformed
into mir159ab and assessed for their ability to silence MYB33/65.
Of note, the amiR2 binding site overlaps with that of the endoge-
nous miR159 binding site by eight nucleotides (Fig. S1).
2.2. AmiRNAs silence MYB33/65 with variable efﬁcacies, all of which
are considerably lower than that of miR159a
As deregulated MYB33/65 activity is tightly correlated with the
extent of upward leaf-curl [10], this trait was used to visually as-
sess the strength of the complementation of the mir159ab pheno-
type by each AMIR and MIR159a (Fig. 2A). The frequency of
morphological rescue varied considerably among the four AMI-
RNAs; the majority of transformants for AMIR1 (75%, n = 81) and
AMIR3 (68%, n = 130) were wild type in appearance, whereas AMIR4
(20%, n = 101) and AMIR2 (25%, n = 60) were far less effective
(Fig. 2B). In comparison, leaf-curl was rescued near-unanimously
amongMIR159a transformants (97%, n = 68). This implies that none
of the AMIRs have an efﬁcacy as strong as MIR159a.
The failure of any AMIRNA to rescue the mir159ab phenotype as
effectively as MIR159a might have been explained by lower accu-
mulation of mature amiRNAs relative to miR159a. To address this
possibility, TaqMan small-RNA assays were used to quantify ma-
ture miRNA/amiRNA levels in pools of 30–50 transformants from
each construct. Plants were randomly selected before they exhib-
ited any morphological differences, so that measurements would
represent unbiased average values for each set of transformants.
Each amiRNA was present at equivalent or higher levels in its
transgenic population than miR159a in transformants of MIR159a,
and the levels were at least ﬁve times higher than that of endoge-
nous miR159a in wild type plants (Fig. 3). As such, the failure of
any AMIRNA to rescue mir159ab as effectively as MIR159a cannot
be explained by lower accumulation of mature amiRNAs relative
to miR159a. However, although all amiRNA had a 50 U to facilitate
AGO1 loading [13], we cannot rule out that differential AGO1 load-
ing efﬁciency has led to variable amiRNA efﬁcacy.
To determine the degree to which MYB33/65 expression was si-
lenced by each amiRNA, transcript abundances were measured in
the same pools for MYB33 and MYB65 and the downstream gene
CYSTEINE PROTEINASE 1 (CP1), which is transcriptionally up-regu-
lated by MYB33/65 and considered the best indicator of their activ-
ity [15]. A near absence of mature miR159a inmir159ab plants was
associated with increases in MYB33, MYB65 and CP1 transcript
abundances. These transcripts were restored to wild type levels
in MIR159a plants. In contrast, whilst MYB33, MYB65 and CP1 tran-
script levels were lower in transformants for each AMIRNA con-
struct than in mir159ab controls, none successfully reduced the
transcript abundance of any of these diagnostic genes to wild type
levels (Fig. 3). This implies that no amiRNA was able to silence
MYB33/65 expression as effectively as miR159a, consistent with
their inability to rescue the mir159ab morphological phenotype
with such frequency as MIR159a. Variations in MYB33/65 silencing
exhibited by the four amiRNAs also corresponded with the fre-
quency of morphological rescue recorded for each, with AMIR1
and AMIR3 again out-performing AMIR2 and AMIR4. The degree
to which MYB33 and MYB65 transcript abundance was reduced in
transformants of each amiRNA construct was similar in all cases
apart from AMIR4, in whichMYB33 levels were reduced to a consid-
erably greater extent thanMYB65 (Fig. 3). This might explain why a
greater proportion of transformants displaying only intermediate
defects (mild) was recorded for AMIR4 than for the other three
AMIRNA constructs (Fig. 2).
In order to associate the degree of morphological rescue
amongst primary transformants with mature amiRNA and
miR159a levels, transcript proﬁling was also performed for 6–10
primary transformants from each morphological category: severe,
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Fig. 2. Scoring of miRNA efﬁcacy. (A) 21-day old primary transformants from each AMIRNA construct andMIR159a, grown in parallel, were categorised based on the presence
and severity of upward leaf-curl (none, mild or severe). Leaf-curl was considered severe if the underside of more than one leaf was visible when viewed from directly above.
Wild type (WT) andmir159ab plants were grown in parallel as controls. (B) The number of transformants falling into each morphological category, as a percentage of the total
number of transformants retrieved for each construct (n).
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Fig. 3. The abundances of mature miR159a or amiRNA1–4 and MYB33, MYB65 and
CP1 transcript levels were measured in total RNA samples derived from 30 to 50
randomly selected eight-day old transformants for each construct. Wild type (WT)
and mir159ab plants were included as comparators. MiRNA and amiRNA levels are
normalised to the abundance of the small RNA snoR101 and mRNA levels to
CYCLOPHILIN mRNA. Data is averaged from three assay replicates, each of which
comprised triplicate measurements and error bars depict standard error of the
mean. Values marked with ⁄ are signiﬁcantly larger (P < 0.05) than corresponding
measurements in both MIR159a and WT samples.
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Fig. 4. Transcript proﬁling was performed on total RNA samples derived from 6 to
10 transformants from each morphological category (none, mild, severe) for each
construct, which were harvested at 22-days old. Values marked with ⁄ are
signiﬁcantly larger (P < 0.05) than corresponding measurements in WT samples
and those with ⁄⁄ are signiﬁcantly larger (P < 0.05) than MIR159a and WT samples.
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tween the morphological and molecular phenotypes was observed;
that is, the severity of upward leaf-curl correlated negatively with
the degree of mature amiRNA accumulation and reductions in the
abundances ofMYB33,MYB65 and CP1 transcripts (Fig. 4). The only
exception was for AMIR4, where no distinction in the abundancesof mature amiR4 and MYB33 could be observed between transfor-
mants that displayed mild leaf-curl and no leaf curl (Fig. 4). Addi-
tionally, for amiR2, the levels ofMYB33,MYB65 and CP1 transcripts
were generally higher in each category compared to the corre-
sponding category of the other amiRs (Fig. 4). From this it appears
we may be overestimating the degree of complementation of the
amiR2 plants based on morphological classiﬁcation. This highlights
that such classiﬁcation should be accompanied by molecular mea-
surements to enable accurate assessment of miRNA efﬁcacy.
Transcript proﬁling of AMIRNA andMIR159a transformants from
each morphological category led to two particularly telling
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were able to recognise and regulate theMYB33/65 transcripts. First,
for every AMIRNA construct, even those transformants with no vis-
ible upward leaf-curl displayed un-cleaved MYB33, un-cleaved
MYB65 and CP1 mRNA abundances in excess of MIR159a transfor-
mants and wild type comparators (P < 0.05, Fig. 4). Thus, no AMI-
RNA was able to completely rescue the mir159ab molecular
phenotype, even though mature amiRNAs in this morphological
category were accumulating to levels almost an order of magni-
tude higher than wild type miR159a (Fig. 4). Second, for every AMI-
RNA construct, even in those transformants that displayed
morphological defects that were considered severe – that is, where
there was little, if any, complementation of the mir159ab morpho-
logical phenotype – mature amiRNA levels were greater than the
miR159a abundance in wild type comparators (P < 0.05, Fig. 4).
Both observations are particularly striking when one bears in mind
that miR159a is consistently measured as the most abundantly
occurring endogenous miRNA in Arabidopsis [16]. Together with
their inability to rescue the mir159ab morphological phenotype
with the same efﬁciency as MIR159a, these points provide compel-
ling evidence for the suggestion that no amiRNA considered here is
able to regulate its target as effectively as endogenous miR159a.
2.3. Current bioinformatic parameters do not correlate strictly with
amiRNA silencing efﬁcacy
In an attempt to understand what is impacting amiRNA perfor-
mance, a number of parameters were measured. Firstly, the total
free energy of association (DG) for each miRNA:target pair was
determined, and for amiR1–3, the values were found to be closely
comparable to the endogenous miR159a:MYB33/65 values (Ta-
ble 1). However, for amiR4 the values were considerably lower,
and may explain whyMYB65was poorly regulated by amiR4. Next,
the accessibility of each miRNA/amiRNA target site in the MYB33/
65 transcripts was bioinformatically predicted. The theoretical en-
ergy-cost of un-pairing all nucleotides in a 51-nucleotide window
comprising each target site plus 17-nucleotides upstream and 13-
nucleotides downstream (DGopen) was used, since the predicted
accessibility of this window was shown to correlate most faithfully
with animal miRNA performances [9] and is used by the psRNATar-
get server [12]. While there was variation in the DGopen values for
the target sites considered in our study, there was no correlation,
in either transcript, between a site’s predicted accessibility and
the efﬁcacy of its regulation (Table 1). Finally, Gu et al. [17] found
a synonymous codon bias favouring AU-richness, and hence re-
duced secondary structure, around predicted miRNA target sites
in several plant species. However, the AU contents of the ﬂanking
regions of the amiR binding sites showed no correspondence with
silencing efﬁcacy.Table 1
Bioinformatic parameters of miRNA:target interactions. DG hybridization energy was calcul
state-melting), with values in parentheses corresponding to the percentages of a perfect m
(http://rna.tbi.univie.ac.at/).
DG hybridization energy (cal/mol/K)
MYB33 MYB65
miR159a 38.2
(93%)
38.2
(93%)
amiR1 36.3
(85%)
36.3
(85%)
amiR2 38.3
(83%)
38.3
(83%)
amiR3 41.7
(90%)
37.9
(82%)
amiR4 34.6
(86%)
30.5
(76%)3. Discussion
Here, we have systematically evaluated the efﬁcacy of four dif-
ferent amiRNAs that can simultaneously target MYB33/65 tran-
scripts, and compared their efﬁcacies to endogenous miR159a.
Although each amiRNA:MYB target pair shared complementarity
that is considered bioinformatically equivalent, it was obvious
from both morphological and molecular evidences that there were
substantial differences in their efﬁcacies. Moreover, none of these
efﬁcacies approached that of endogenous miR159a. These data
demonstrate that important factors in addition to complementar-
ity are underlying amiRNA performance, and it is possible that
the evolutionary ancient miR159:MYB33/65 interaction has been
optimised, resulting in very strong silencing of these two target
genes.
In a study that empirically deﬁned the requirements for miRNA
speciﬁcity in plants, Schwab et al. [2] systematically evaluated the
complementarity requirements for a miRNA:target interaction. On
this basis, the amiRNA:target pairs included in this study would be
considered highly analogous to the endogenous miR159:MYB33/65
pair; each contained a single mismatch in its 50 seed, another in its
30 half and had an overall free energy of association (DG) of greater
than 72% of a perfect miRNA:target match. Consistent with this, all
amiRNAs were able to target MYB33/65, however, the varied per-
formances of these amiRNAs emphasise that there is likely addi-
tional factors to complementarity impacting the efﬁciency of
plant miRNA-mediated gene silencing.
We assessed some of the possible factors to determine whether
they are indicative of miRNA performance. Interestingly, amiR4
was the most effective silencer of MYB33 but the least effective si-
lencer of MYB65 (Fig. 3). For the latter, this correlated with the DG
hybridization energy for the amiR4:MYB65 interaction, which was
clearly predicted the weakest among all the pairs (Table 1). How-
ever, this value is not an absolute indicator, as the amiR2:MYB33/
65 pairs had a value approximately equal to that of miR159a:-
MYB33/65, but amiR2 was by far the worst performing miRNA.
Next, target site accessibility which has an established role in ani-
mal miRNA activity [9] may be indicative of the variable efﬁcacy of
amiRNAs considered here. Supporting this possibility in plants, Gu
et al. [17] found a synonymous codon bias favouring AU-richness,
and hence reduced secondary structure, around predicted miRNA
target sites in several plant species. Furthermore, Li et al. [18] re-
veal an enrichment of single-stranded RNA at predicted miRNA tar-
get sites in Arabidopsis, indicating a preference for high
accessibility. However, based on our analysis, there was no appar-
ent correspondence between a site’s predicted accessibility and the
efﬁcacy of its silencing (Fig. 2, Table 1). This is consistent with a re-
cent report that evaluated the performances of 63 amiRNAs target-
ing 16 genes and found no correlation between amiRNAated using the DINAMelt Web server (http://mfold.rna.albany.edu/?q=DINAMelt/Two-
iRNA:target match. DGopen values were calculated using the Viennafold RNAup server
DGopen (cal/mol/K) AU content (%)
MYB33 MYB65 MYB33 MYB65
21.97 20.91 55 52
16.65 17.28 59 54
18.76 20.96 55 55
21.21 22.48 51 52
22.94 14.80 63 57
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server [7]. Thus, two independent studies assessing 73 ami-
RNA:target interactions and employing two different programs to
predict target site accessibility found no strong evidence for this
parameter’s inﬂuence on miRNA efﬁcacy. Additionally, there was
no correlation between AU ﬂanking content (Table 1) and gene
silencing (Fig. 3). Although the predicted accessibility has been
incorporated into the mainstream plant miRNA target prediction
server psRNATarget to assist in discriminating between putative
target sites [12], in light of the ﬁndings outlined above, we argue
that there is currently insufﬁcient evidence to support predicted
accessibility as being a reliable indicator of miRNA efﬁcacy in
plants.
For any given amiRNA, the higher its abundance, the more
strongly suppressed are the targets genes and the phenotypic de-
fects of the mir159ab transformants, indicating that miRNA abun-
dance has a strong dosage effect (Fig. 4). However, the fact that
no amiRNA tested could match the silencing efﬁcacy of miR159 im-
plies endogenous miR159 must be highly efﬁcient at silencing
MYB33/65. Moreover, given that the AMIRNA transformants with
severe phenotypic defects had amiRNA abundances higher than
miR159a in wild type (Fig. 4), and that wild type plants have
roughly 10-fold higher miR159 levels than the mir159a single mu-
tant in which MYB33/65 are fully suppressed [10,19], this argues
that miR159a’s silencing efﬁcacy may be an order of magnitude
higher than any of the considered amiRNAs. However, if this great-
er silencing efﬁciency is due to a sensitive region on the MYB33/65
transcripts, this region must be very narrow, as although amiR2’s
target sequence overlaps by eight nucleotides with that of
miR159, it is the least effective amiRNA. The presence of possible
modulating factors such as RNA binding proteins could be attenu-
ating/promoting amiRNA activity, as has been observed in animals
[20]. Alternatively, differential loading of miRNAs into AGO com-
plexes could also be controlling efﬁcacy. Whatever the case, it ap-
pears the efﬁcacy of a miRNA:target interaction is strongly
impacted by factors additional to the complementarity of the miR-
NA:target duplex, and that none of the currently used bioinfor-
matic parameters strongly correlate with silencing efﬁciency.
Therefore, given the presence of these confounding factors, we
advocate that caution should be used when predicting the efﬁcacy
of a silencing outcome from complementarity alone.
4. Materials and methods
4.1. Generation of AMIRNA plants
For the generation of amiRNAs, a 986 bp SpeI – NdeI restriction
fragment encompassing the endogenous 21-nucleotide miR159a
and miR159a⁄ sequences was replaced with a synthesised frag-
ment that contained the amiRNA and its corresponding amiRNA⁄
sequence. These artiﬁcial SpeI – NdeI fragments were synthesised
by GenScript in the pUC57 Escherichia coli plasmid and cloned into
a genomic clone ofMIR159a that was in pDONR/ZEO. An expression
clone for each AMIRNA was then prepared via the LR reaction with
the pMDC100 destination vector, using Gateway LR Clonase II en-
zyme mix (Invitrogen). Expression clones were transformed into
Agrobacterium tumefaciens strain GV3101 and transformed into
the Arabidopsis mutant mir159ab [10] using the standard protocol
[21]. Transformants were selected on Arabidopsis growth medium
(Kanamycin 50 lg/ml) and then grown under standard conditions
(16 h light/8 h dark, 150 lmol/m2/s, 22 C).
4.2. Transcript proﬁling of miRNAs and target genes
Total RNA was extracted using TRIzol (Invitrogen) with mod-
iﬁcations that were outlined in Allen et al. [19]. cDNA synthesiswas carried out using SuperScript III Reverse Transcriptase
(Invitrogen) and an oligo dT primer according to manufacturer’s
protocol. For each sample, 250 ng–5 lg of puriﬁed RNA was used
in separate 20 ll reactions. These were subsequently diluted in
980 ll nuclease free distilled water before qRT-PCR analysis.
For qRT-PCR, 9.2 ll of each cDNA sample was added to 10 ll
of SensiFAST SYBR No-ROX mix (Bioline) with 0.8 ll of forward
and reverse primers (10 lmol each). For the measurement of
un-cleaved mRNA levels of miRNA target genes, qRT-PCR primers
were designed so their amplicon would span the target site for
their associated miRNAs, meaning that pre-cleaved transcripts
would not contribute to the measured abundance [see Alonso-
Peral et al. [15] for primer sequences]. qRT-PCR reactions were
carried out on a Rotor-Gene Q machine (Qiagen) in triplicate, un-
der the following cycling conditions: 1 cycle of 95 C/5 min, 45
cycles of 95 C/15 s, 60 C/15 s, 72 C/20 s, with ﬂuorescence ac-
quired at the 72 C step. A 55–99 C melting cycle was then car-
ried out. The ‘housekeeper’ CYCLOPHILIN (At2g29960) was used
to normalise mRNA levels of each gene using the comparative
quantitation program in the Rotor-Gene 6 software package
(Qiagen) and average values were calculated from triplicate
measurements.
For mature miRNAs, customized TaqMan sRNA assays (Ap-
plied Biosystem) were used to quantitate mature miR159a and
amiRNAs according to the manufacturer’s protocol, apart from
the following modiﬁcations: (1) for each RNA sample, the ret-
ro-transcription was multiplexed with looped – RT primers for
the miRNA/amiRNA of interest and the small RNA sno101; (2)
the cDNA synthesized (15 ll) was diluted with 86.4 ll nuclease
free distilled water and 9 ll of this cDNA solution was used in
each qRT-PCR reaction, along with 10 ll SensiFAST Probe NOROX
mix (Bioline) and 1 ll Taqman probe (Applied Biosystems). qRT-
PCR reactions were carried out on a Rotor-Gene Q machine as
above. The abundance of each mature miRNA/amiRNA was nor-
malised to sno101 using the comparative quantitation analysis
program from Rotor-Gene 6 software (Qiagen) and average val-
ues were calculated from triplicate measurements.
Acknowledgements
The research was supported by an Australian Research Council
Grant DP11013493. Thanks to Dr. Rob Allen and Marlene Reichel
for critical comments to the manuscript.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2013.
09.037.
References
[1] Carthew, R.W. and Sontheimer, E.J. (2009) Origins and mechanisms of miRNAs
and siRNAs. Cell 136, 642–655.
[2] Schwab, R., Palatnik, J.F., Riester, M., Schommer, C., Schmid, M. and Weigel, D.
(2005) Speciﬁc effects of microRNAs on the plant transcriptome. Dev. Cell 8,
517–527.
[3] Palatnik, J.F., Wollmann, H., Schommer, C., Schwab, R., Boisbouvier, J.,
Rodriguez, R., Warthmann, N., Allen, E., Dezulian, T., Huson, D., Carrington,
J.C. and Weigel, D. (2007) Sequence and expression differences underlie
functional specialization of Arabidopsis microRNAs miR159 and miR319. Dev.
Cell 13, 115–125.
[4] Schwab, R., Ossowski, S., Riester, M., Warthmann, N. and Weigel, D. (2006)
Highly speciﬁc gene silencing by artiﬁcial microRNAs in Arabidopsis. Plant Cell
18, 1121–1133.
[5] Ossowski, S., Schwab, R. and Weigel, D. (2008) Gene silencing in plants using
artiﬁcial microRNAs and other small RNAs. Plant J. 53, 674–690.
[6] Warthmann, N., Chen, H., Ossowski, S., Weigel, D. and Herve, P. (2008) Highly
speciﬁc gene silencing by artiﬁcial miRNAs in rice. PLoS One 3, e1829.
3708 I. Deveson et al. / FEBS Letters 587 (2013) 3703–3708[7] Li, J.F., Chung, H.S., Niu, Y., Bush, J., McCormack, M. and Sheen, J. (2013)
Comprehensive protein-based artiﬁcial microRNA screens for effective gene
silencing in plants. Plant Cell 25, 1507–1522.
[8] Bhagwat, B., Chi, M., Su, L., Tang, H., Tang, G. and Xiang, Y. (2013) An in vivo
transient expression system can be applied for rapid and effective selection of
artiﬁcial microRNA constructs for plant stable genetic transformation. J. Genet.
Genomics 40, 261–270.
[9] Kertesz, M., Iovino, N., Unnerstall, U., Gaul, U. and Segal, E. (2007) The role of
site accessibility in microRNA target recognition. Nat. Genet. 39, 1278–1284.
[10] Allen, R.S., Li, J., Stahle, M.I., Dubroue, A., Gubler, F. and Millar, A.A. (2007)
Genetic analysis reveals functional redundancy and the major target genes of
the Arabidopsis miR159 family. Proc. Natl. Acad. Sci. USA 104, 16371–16376.
[11] Zhang, Y. (2005) MiRU: an automated plant miRNA target prediction server.
Nucleic Acids Res. 33, W701–W704.
[12] Dai, X. and Zhao, P.X. (2011) PsRNATarget: a plant small RNA target analysis
server. Nucleic Acids Res. 39, W155–W159.
[13] Mi, S., Cai, T., Hu, Y., Chen, Y., Hodges, E., Ni, F., Wu, L., Li, S., Zhou, H., Long, C.,
Chen, S., Hannon, G.J. and Qi, Y. (2008) Sorting of small RNAs into Arabidopsis
argonaute complexes is directed by the 50 terminal nucleotide. Cell 133, 116–
127.
[14] Eamens, A.L., Smith, N.A., Curtin, S.J., Wang, M.B. and Waterhouse, P.M. (2009)
The Arabidopsis thaliana double stranded RNA binding protein DRB1 directs
guide strand selection from microRNA duplexes. RNA 15, 2219–2235.[15] Alonso-Peral, M.M., Li, J., Li, Y., Allen, R.S., Schnippenkoetter, W., Ohms, S.,
White, R.G. and Millar, A.A. (2010) The microRNA159-regulated GAMYB-like
genes inhibit growth and promote programmed cell death in Arabidopsis. Plant
Physiol. 154, 757–771.
[16] Rajagopalan, R., Vaucheret, H., Trejo, J. and Bartel, D.P. (2006) A diverse and
evolutionarily ﬂuid set of microRNAs in Arabidopsis thaliana. Genes Dev. 20,
3407–3425.
[17] Gu, W., Wang, X., Zhai, C., Xie, X. and Zhou, T. (2012) Selection on synonymous
sites for increased accessibility around miRNA binding sites in plants. Mol.
Biol. Evol. 29, 3037–3044.
[18] Li, F., Zheng, Q., Vandivier, L.E., Willmann, M.R., Chen, Y. and Gregory, B.D.
(2012) Regulatory impact of RNA secondary structure across the Arabidopsis
transcriptome. Plant Cell 24, 4346–4359.
[19] Allen, R.S., Li, J., Alonso-Peral, M.M., White, R.G., Gubler, F. and Millar, A.A.
(2010) MicroR159 regulation of most conserved targets in Arabidopsis has
negligible phenotypic effects. Silence 1, 18.
[20] Kedde, M., Strasser, M.J., Boldajipour, B., Oude Vrielink, J.A., Slanchev, K., le
Sage, C., Nagel, R., Voorhoeve, P.M., van Duijse, J., Orom, U.A., et al. (2007) RNA-
binding protein Dnd1 inhibits microRNA access to target mRNA. Cell 131,
1273–1286.
[21] Clough, S.J. and Bent, A.F. (1998) Floral dip: a simpliﬁed method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16,
735–743.
